Introduction
This analysis was based on statistics compiled by the Central Mining Institute (CMI) in the form of the Annual Report… (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . It specifies data on hard coal output, absolute methane emissions, methane drainage, and methane management for mines in the Upper Silesian Coal Basin (USCB) in the years [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . For each of the analysed years it was possible to define output quantities from mines classified as Coal Mine Methane (CMM). The number and output of mines defined as CMM mines have been estimated on this basis. In conformity with the Annual Report…(2002 Report…( -2011 , methane -and the explosion hazard connected with it -is one of the most dangerous phenomena accompanying hard coal production in the Polish mining industry. The classification of coal seams in Polish mines according to the appropriate methane hazard category is determined by the Order of the Minister of Internal Affairs and Administration of 14 June 2002 on natural hazards in mines (Order… 2002) .
Generally, the areas of methane emissions in a mine can be systematised due to the level and dynamics of methane emissions in the following order: winning operations, gobs, development operations, active roadway excavations (Konopko, ed. 2010).
Characterization of methane emissions in the USCB
In the years 2001-2010, exploitation of coal seams in Poland was conducted in mines specified in the Annual Report… (2002 Report… ( -2011 . In this year's report, the number of operating hard coal mines in Poland was reduced from 43 in 2001 to 29 in 2010. Production output decreased from 102.78·10 6 Mg to 76.15 · 10 6 Mg. It should be noted that the reduction in the number of mines included the joining of neighbouring mines, which also influenced the decrease in the number and output from CMM mines. In the year 2001, 30 CMM mines produced 72.37 · 10 6 Mg, while in the year 2010, 21 mines produced 52.18 · 10 6 Mg of coal (Table 1) .
Polish hard coal deposits, especially in the central, southern, and southwestern part of the USCB, belong in the category with high methane content (Annual Report… 2002 -2011 Konopko, ed. 2010) . The Carboniferous deposits are covered by an overburden of non--permeable Miocene layers of great thickness which prevent the methane from escaping the coal seams. This high gas content creates a hazard while conducting mining operations. Methane emissions from Polish hard coal mines concern:
-areas of mined longwalls (i.e. they originate from the mined seam as well as from underworked and overworked seams decompressed as a consequence of longwall mining); methane from underworked and overworked seams is emitted to post-mining gobs; -post-mining gobs (isolated from active mine excavations by explosion-proof dams in the neighbourhood of isolation dams and fractures in the rock mass through which methane is emitted into the excavations); methane from post-mining gobs in some mines is captured by the method of methane drainage; -drilled development excavations. Methane from the seam where both development and winning operations are conducted migrates into the mine atmosphere. From these seams methane cannot be captured using the method of methane drainage. Only 3% of the total amount of methane captured by means of methane drainage originates from advancing methane drainage conducted in driven roadway excavations.
Generally, advancing methane drainage in Polish hard coal mines below the depth of 400 m is characterised by low capture effectiveness. The gas permeability of seams in the USCB is very low, resulting in difficult methane flow in the coal matrix of the seam in which mining operations are conducted. By comparison, coal in mines in the United States of America or Australia have permeability about 50 times higher than coals in the USCB. In these countries, pre-mining methane drainage is conducted even by means of boreholes drilled from the surface.
Methane capturing from seams in the USCB in which exploitation is planned results in a seam of considerably lower methane saturation during exploitation.
The end of mining operations does not terminate methane emissions into excavations from decompressed, underworked and overworked seams. The model of methane emissions from longwall gobs, after the end of exploitation, was included in the Instruction… (2000) . The quantity of methane emissions into the excavations of an abandoned mine depends on:
-the average weighted methane content of the exploited deposit, -the volume of decompressed, overworked and underworked seams, -the time of abandoned mine flooding, -the height of the column of water above underworked and overworked seams. In spite of considerable progress in the recognition and fighting of the methane hazard, increases in this problem have been observed in maning mining areas in Poland. This is connected with the increasing depth of conducted exploitation, higher methane content of seams, and gas deposit pressure. Exploitation at greater depths in seams highly saturated with methane has seen a cumulative effect of the quantity of emitted methane in a smaller number of longwall workings and thus the growth in their absolute methane emissions.
The statistics on mining catastrophes caused by methane or methane and coal dust explosions in the history of the Polish underground mining sector is the most tragic on record, both in terms of the number of fatalities and serious accidents as well as the resulting material damages (Kidybiñski, Patyñska 2008; Patyñska 2010) . Methane causes also negative ecological effects in cases where it is carried away directly by the ventilation air into the atmosphere.
Investigations into past methane explosions contributed to the development of means of recognizing and predicting the methane hazard, the extension of controls on the methane content in the air of excavations, as well as the development of methods to combat the presence of methane including methane drainage. Correct recognition of the state of the methane hazard and efficiently fighting it are of fundamental significance in conducting safe exploitation (Konopko, ed. 2010 ).
Taking the above-mentioned factors into consideration, the CMI annually prepares a report about the state of the methane hazard in the Polish mining industry. Using the data presented in the present Annual Report... (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , Table 2 The data specified in Table 2 make it possible to state that, in spite of the drop in coal production and the decreasing number of mines in the USCB, methane emissions from coal exploitation processes in CMM mines since 2001 had increased by about 50 m 3 /Mg in 2010. With the passage of time, the efforts at methane drainage brought positive effects. Every year, the quantity of methane captured by methane drainage systems and the quantity of utilized methane grows. 
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Methane emissions inventory in Polish mines
The National Inventory Report on Greenhouse Gas Emissions and Absorption for 2007 (NEIC 2009) (IPCC 1997 (IPCC , 2000 .
The NEIC (2009) indicated there was no detailed data concerning methane emissions in collieries in the Polish mining industry. As a result, methane emissions in coal mines of the USCB in Poland were studied and meticulously calculated. In conformity with the IPCC (2006) guidelines then in force, in order to obtain more accurate data about emissions where it was possible, national methods of emissions estimation were used.
The report of the NEIC (2009) Using the results of two methodological works, national emission factors for the following emission sources in hard coal mines were determined (Gawlik et al. 1994; Gawlik, Grzybek 2001; SGI 2008) :
-from ventilation systems, -from methane drainage systems, -from mined out coal from post-exploitation (post-extraction) processes. Table 3 presents the national emissions inventories factors hitherto used for individual emission types. Also, the results from the work of Kwarciñski et al. (2005) were specified in the table, which once again estimated the emissions factors on the basis of very detailed data and measurements for the year 2003. Furthermore, a thorough analysis of emission factors was carried out, comparing them with the results of previous works. For the needs of the national inventory, the emission factors per Mg of mined coal were calculated -these values are generally available, for example, from the publication of the State Geological Institute (SGI 2008) .
After the analysis, selection of emission factors was carried out for ventilation systems, methane drainage (degasification) systems, post-exploitation (post-extraction) processes, production wastes, and from abandoned mines for individual years in the period 1988-2007, based on the above-mentioned sources (NEIC 2009; NEATS 2009 ). In conformity with the procedure, an analysis has been carried out for the solid fuel sector of data uncertainty in accordance with the international guidelines included in the IPCC guidelines (2000) and determined as the methodology Tier 1. In the NEIC (2009), the results of this analysis were recapitulated; wider information about the accuracy of data and full uncertainty analysis can be found in the annex to this report. The uncertainty counted for individual categories of sources indicated a value of 41.9% for subcategory B.1. This included solid fuels, with methane emissions from hard coal systems also taken into account. The sources of emissions from all sectors are identified as main emissions sources on the basis of the assessment of their emissions level and/or trend. Coal mining in the assessment of methane emissions levels rated seventh place with respect to the share of methane emissions in 2007 in the total emissions not taking into consideration sector 5, and eighth place with regard to sector 5.
Methodology of estimating methane emissions connected with hard coal exploitation
The methodology mentioned in the NEIC (2009) and in the publication of the SGI (2008) for estimating methane emissions from the network of hard coal mines in Poland is, at present, recommended and used in order to estimate greenhouse gas emissions.
The methane emission factors hitherto used in national emissions inventories for individual sources in the hard coal mining industry according to Kwarciñski et al. (2005) Gawlik et al. (1994 Gawlik et al. ( , 1995 Gawlik et al. ( , 2000 Gawlik et al. ( , 2001 Gawlik et al. ( , 2002 require verification. Both the authors of the above-mentioned works and the IPCC 2006 recommendations regarding the estimation of methane emissions from the hard coal mining industry characterize: -methane emissions during the coal exploitation process (underground emissions ventilation emissions, emissions from degasification systems), -methane emissions in post-exploitation processes (surface emissions). Each of the identified emissions sources should be treated independently, and therefore the estimation from each source is performed separately using the formula:
where: E -emission quantity from the given emission source (m 3 ), Q w -coal output quantity (Mg), W e -emission factor (m 3 /Mg).
In such a formulation, the emissions factor determines the volume of methane released into the atmosphere per mass unit (Mg) of mined coal. Given the reporting requirements, the methane volume is converted into a mass (Gg) unit with the application of the coefficient of conversion 0.67 (Mg/10 6 m 3 ) (IPCC 1997) .
The recommendations of IPCC 2006 stressed improvements in the assessment of emission factors. According to the degree of recognition of mined coal seams' methane content and the accessibility of survey results, the following methods of estimating methane emissions from the hard coal mining industry are recommended: 1. Method of world averages. 2. Specific method for the country (coal basin). 3. Specific method for individual mines.
These methods differ considerably with respect to the accuracy of emission estimation. 1. The method of world averages (the least accurate method) recommends the adoption of emission factors based on global averages, the ventilation emission factor from the level of 10 m 3 /Mg (low emissions) up to 25 m 3 /Mg, and the emission factor from post-exploitation processes from the level of 0.9 m 3 /Mg (low emissions) up to 4.0 m 3 /Mg (high emissions). 2. The specific method for the country (coal basin) is recommended for countries (coal basins), where a limited quantity of data is available which, however, enables analysts to take into account different characteristics of gas conditions in individual basins. In this case, it is recommended to use the rectilinear regression equation to estimate ventilation emissions: 3. The specific method for mines can be used in cases where access is available to detailed measurement results of the methane content of coal seams and data related to methane emissions from mines. In Poland, the ventilation emission factors for individual mines can be calculated on the basis of reports from mine ventilation services, which are included in the Annual Report... (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The total emissions in the case of hard coal mines in Poland constitute the sum of the ventilation emissions and methane capture by degasification systems. The emissions from methane drainage systems in this method are understood as the difference between the quantity of methane captured by methane drainage systems and methane used. At the same time, the estimation methodology must be presented as well as a separate specification of the methane emissions which would not occur if there was a lack of methane drainage.
Modifying the methodology of methane emissions estimation connected with hard coal exploitation in Poland
The proposed new methodology for estimating methane emissions from hard coal mines, in conformity with the nomenclature applied by IPCC 2006, should be counted among specific methods for mines.
The underground stage the estimation of methane emissions from each specific source was conducted in an independent manner. All conducted calculations were intended to determine the dependence coefficients of emissions from individually identified sources taking into account data concerning the quantity of coal output and the methane content of the mine.
Modification of IPCC (2006) methods of estimating methane emissions from ventilation systems and degasification systems for hard coal mines (those active and abandoned) in Poland assume that the methane emission factor is calculated on the basis of methane coal mine (CMM) output and actual values of absolute methane content.
Estimations of ventilation emissions for individual mines were calculated on the basis of the formula:
where: Q -hard coal output in the CMM coal mines [Mg] , W e -ventilation emission factor [m 3 CH 4 /Mg].
Estimation of methane emissions from methane drainage systems is the value of emissions from losses of captured methane using measurements carried out in the mines. These emissions are also determined as the difference between the captured and utilised methane.
The range of data applied in the new methodology of methane emissions estimation for the hard coal mining industry proposed in the present study concern data on the scale of individual mines. The range and sources of the information considered and the results of measurement are as follows: 1. The quantity of methane from ventilation systems given annually by every hard coal mine (in m 3 CH 4 /year) was adopted on the basis of data presented in the Annual Report... Because of the lack of data from direct measurements, a temperature equal to 30°C was adopted (according to Kwarciñski et al. 2005 ). 5. The yearly average temperature of mine gas emitted from methane drainage systems is measured at the point of its volume measurement. Because of the lack of data from direct measurement, a temperature of 30°C was adopted (according to Kwarciñski et al. 2005 ). 6. The quantity of hard coal exploitation was adopted on the basis of data presented in the Annual Report... (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The final value of methane emissions from ventilation and degasification systems is obtained after the conversion of reported individual mines values of methane emissions in standard conditions (293°K). This conversion is carried out using the formula:
where: The specification of final ventilation emissions values (converted into standard conditions -293°K) and calculated emissions factors for individual hard coal mines are presented in Table 4 .
Ventilation emissions from mines which did not specify ventilation emissions were not estimated. Emissions from methane drainage systems (E o ) of each of the CMM mines where methane drainage is conducted (otherwise called loss emissions) are calculated as the difference between the quantity of captured methane (M ui ) and the quantity of utilized methane (M wi ) (or burnt):
The final value of methane emissions from degasification systems is obtained after the conversion of the values specified by individual mines of methane emissions into standard conditions (293°K). This conversion is carried out using formula (4).
The emissions from methane drainage systems were estimated for the individual years 2001-2010. 27 
Inventory of methane emissions from ventilation and degasification systems of CMM coal mines in the USCB
The new methodology proposed for estimating methane emissions from CMM coal mines, in conformity with the nomenclature applied by ICPP 2006, should be counted among specific methods for mines. The emissions from both sources are based on the results of measurements and studies conducted in individual hard coal mines. The calculated average national emission factors for the years 2001-2010 amounted to (Table 4) The main assumption of the calculations and methane emissions inventory (Table 4 ) was the approach in accordance with IPCC 2006 (Tier 3) using country specific methods. A detailed analysis of methane emissions from coal mines in Poland showed there is a significant difference between the total volume of production and the volume of production in methane mines only (Table 5) . That is why the analysis of variability coefficients of methane emissions in hard coal mines in Poland between 2001-2010 was conducted. It was 28 considered to be the total volume of production and the volume of production in methane mines as the basis for the analyses. Table 5 presents the total coal output value and value of coal output in methane mines, and each of the years 2001-2010 was assigned its variability coefficient. On this basis it was concluded that, taking into consideration the output from methane coal mines, the uncertainty of estimating methane emissions activity decreases by approx 29.40% (Patyñska 2012).
The final compilation of the obtained values was presented based on the methodology proposed for estimating methane emissions in Polish coal mines. The values meet IPCC 2006 requirements, but they are based on actual data from methane coal mines. The differences in estimating methane ventilation emission in Polish coal mines stem from the difference between the actual value of methane ventilation emissions in Polish coal mines and the value calculated according to IPCC 2006 (Table 6 ). The value of the emission factors in both cases is identical. The relative error of predictions for methane emissions estimation in coal mines according to both the Polish method and that proposed by IPCC 2006 is approximately 0.651. 
Conclusions
In general, it is necessary to assume that IPCC 2006 guidelines are appropriate to assess levels of methane emissions. Yet it should be emphasized that the estimation method refers only to the methane coal mines' output and is based on the measurements of methane content. The bases are data on the uncertainty of estimating methane emissions activity. The average value of uncertainty of methane emissions activity decreased by approximately 29.40% when it was calculated using methane coal mines' output instead of the output of all coal mines.
Updating the proposed methods (IPCC 2006) of estimating methane emissions from ventilation and degasification systems of hard coal mines (those active and abandoned) in Poland, it is assumed the methane emission factor (EF) is calculated on the basis of methane coal mine output and actual values of absolute methane content.
Using the results of the Annual Report… (for the years 2001-2010), national emission factors were determined for the following emissions sources in hard coal mines:
-from ventilation systems, -from methane drainage systems. Pomimo spadku produkcji wêgla oraz malej¹cej liczby kopalñ w Polsce wentylacyjna emisja metanu z procesów eksploatacji wêgla kopalñ metanowych od roku 2001 wzros³a o oko³o 50 m 3 /Mg. W miarê up³ywu lat, wysi³ki na rzecz odmetanowania nios¹ jednak pozytywny skutek. Pomimo wzrostu "strat" metanu w procesie odmetanowania, z roku na rok zwiêksza siê ilooeae metanu ujêtego systemami odmetanowania.
Z rozeznania i przegl¹du literaturowego dotycz¹cego zagadnieñ zwi¹zanych z emisj¹ metanu w Polsce wynika, ¿e w 2009 roku opublikowano Raport Krajowej Inwentaryzacji Emisji i Poch³aniania gazów cieplarnianych za rok 2007. Z Raportu Krajowej Inwentaryzacji... wynika, ¿e brak jest danych szczegó³owych dotycz¹cych wskaŸników emisji metanu z kopalñ wêgla kamiennego dla polskiego górnictwa. W zwi¹zku z tym, przygotowano i obliczono szczegó³owo emisje metanu z kopalñ metanowych w Polsce. Zastosowana metodyka szacowania metanu wykonana zosta³a dla dwóch podstawowych Ÿróde³ jego emisji. Obliczono emisjê metanu w trakcie procesu eksploatacji wêgla jako emisjê wentylacyjn¹ oraz emisjê z uk³adów odgazowania. Takie podejoecie wynika³o z wytycznych IPCC z roku 2006.
Aktualizacja proponowanych metod IPCC (2006) szacowania emisji metanu z uk³adów wentylacyjnych i z uk³adów odmetanowania kopalñ wêgla kamiennego (czynnych i zlikwidowanych) w Polsce polega na za³o¿eniu, ¿e wskaŸnik emisji metanu (EF) obliczamy, opieraj¹c siê na wydobyciu z koplañ metanowych oraz rzeczywistych wielkooeciach metanowooeci bezwzglêdnej. Rezultat modyfikacji metody szacowania emisji metanu z procesów górniczych dla polskich metanowych koplañ wêgla kamiennego to równanie wskaŸnika emisji metanu.
W górnictwie polskim, od roku 2008 oeredni wskaŸnik emisji z systemu wêgla kamiennego utrzymuje siê na sta³ym poziomie oko³o 10 m 3 CH 4 /Mg. Uzyskane wyniki obliczeñ emisji metanu w ca³ym analizowanym okresie lat 2001-2010, mieszcz¹ siê w granicach 402-462 Gg (oer. 441,45 Gg). 
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